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New nonlinear optical crystal: Cesium lithium borate
Yusuke Mori, a) Ikuo Kuroda, Satoshi Nakajima, Takatomo Sasaki, and Sadao Nakai 2 have been used as the nonlinear crystals to obtain UV light. Although the BBO crystal may be used to frequency-quadruple and -quintuple the Nd:YAG laser output, resulting in 266 and 213 nm light, it exhibits unfavorable properties such as large walk-off angle, small angular bandwidth, and long absorption edge at 190 nm, which decreases the conversion efficiency. Also, growing the BBO crystal is very difficult, and at present only crystals with dimensions of a few cm can be fabricated. Meanwhile, the LBO crystal shows the limits of phase matching ͑PM͒ for frequency doubling at a wavelength of 555 nm, so that it is impossible to quadruple the 1.064 m Nd:YAG laser output. Moreover, it takes a long time to grow the crystal because LBO cannot melt congruently.
Much effort has been spent on developing the borates series, leading to the discoveries of CsB 3 O 5 ͑CBO͒ 3 and MBeBO 3 F 2 ͑MBBF: MϭK,Na͒. 4 Despite their excellent nonlinear optical properties, difficulties in growing these crystals in sufficient sizes remains. Also, CBO exhibits high hygroscopy. MBBF ͑MϭK,Na͒ shows low shear strength due to the layered nature of its lattice. Recently, we have discovered a new UV NLO crystal, cesium lithium borate ͓CsLiB 6 O 10 ͑CLBO͔͒, which exhibits excellent UV NLO properties and simplicity in growth. [5] [6] [7] [8] In this letter, we report on the growth of a large CLBO crystal and its UV NLO properties. Fourth harmonic and fifth harmonic generation of the 1.064 m Nd:YAG laser radiation with type-I phase matching is realized in this crystal.
The CLBO crystals were grown from the stoichiometric melt and from the solution in a platinum crucible in a vertical cylindrical electric furnace by means of the top-seeded Kyropoulos method. A five-zone furnace was employed to give a spatial temperature uniformity. The starting charges were prepared from a mixture of Cs 2 CO 3 , Li 2 CO 3 , and B 2 O 3 . For the growth from the stoichiometric melt, temperatures of the melt were kept near the melting temperature of 848°C. The seed crystal of CLBO was attached to a platinum rod. The growing crystal was rotated at a rate of 15 rpm while inverting the rotation direction every 3 min. By this method, a CLBO crystal with dimensions of 29ϫ20ϫ22 mm 3 was obtained in four days. The CLBO crystal grown from the stoichiometric melt shows clear facets without cracks, inclusions, or veils. The growth of CLBO crystals from the melt is thought to be much easier compared to BBO because CLBO undergoes no solid state phase transition.
Examination of the phase diagram shows that CLBO crystals can be grown from fluxes that are either poor or rich in B 2 O 3 .
7 This is an advantage for flux growth of CLBO compared with that of LBO, which grows only from a flux rich in B 2 O 3 . This is because crystal growth from a flux rich in B 2 O 3 is often difficult due to the high viscosity. Therefore, we employed the flux poor in B 2 O 3 in this experiment. The starting charges were prepared from a mixture of Cs 2 CO 3 , Li 2 CO 3 , and B 2 O 3 with a ratio of 1:1:5.5 ͑73.3% B 2 O 3 ͒. The measured saturation temperature was 845°C. The growth temperature was varied from 845 to 843.5°C with a temperature decrease of ϳ0.1°C/day. The growing crystal was rotated in the same manner as mentioned before. Figure 1 shows a CLBO crystal with dimensions of 14ϫ11ϫ11 cm 3 grown under this condition for three weeks. This crystal also exhibited well distinguishable facets, the same as those of the CLBO crystal grown from the melt. We did not find unstable growth such as hopper growth, which has often been observed for LBO growth, 9 although we did not optimize the growth conditions in our study. This indicates that large, high quality CLBO crystals can be obtained more readily compared with LBO or BBO.
10,11 Though CLBO shows some hygroscopy, it is much smaller than that of KH 2 PO 4 ͑KDP͒. Crystallographic characteristics of the CLBO crystal have been investigated by using a Rigaku AFC5R diffractometer, and previously reported. 8 The CLBO crystal has I42d symmetry with a tetragonal structure. The values of the crystal lattice parameters are aϭ10.494͑1͒ Å and cϭ8.939͑2͒ Å. CLBO has a structure with a threedimensional framework built up from isolated Cs and Li cations and a network of chains formed from B 3 O 7 groups.
The range of transparency of CLBO was determined in a sample 4 mm thick. The transmission range of this sample was from 180 to 2750 nm. The absorption edge of CLBO at 180 nm is shorter than the reported value of BBO ͑189 nm͒ 2 but longer than those reported for LBO ͑160 nm͒ 1 and CBO ͑170 nm͒, 3 respectively. In CLBO, which has I42d symmetry, the second-order NLO suspceptibilities, d i j tensor, is represented by d 36 . The NLO coefficient d 36 of CLBO was estimated from the peak intensity of the second harmonic generation ͑SHG͒ of 1.064 m light by comparison with that of KDP used as a standard. 12 We found that d 36 ͑CBLO͒ϭ0.95 pm/V, which is 2.2 times that of KDP at 1.064 m, and is about one half of the value of d 11 of BBO. 13 This value is similar to d 15 and d 32 of the LBO crystal. 14 The refractive indices were determined by means of the prism method. The dispersion from 230 to 1064 nm was obtained as shown in Fig. 2 , and the Sellmeier Eq. ͑1͒ as derived. Figure 3 shows the PM curves calculated for types-I and -II ͑SHG͒ according to the Eq. ͑1͒ as a function of wavelength. The Sellmeier equations predict the limits of type-I and type-II PM wavelengths to be 472 and 640 nm, respectively. The calculated ͑measured͒ type-I PM angles based on the refractive index data for second-and fourth-harmonic generation ͑FoHG͒ of Nd:YAG laser output were 29.1°͑ ϳ30°͒ and 61.2°͑ϳ62°͒, respectively. The Sellmeier equations also predict the fifth-harmonic generation ͑FiHG͒ of Nd:YAG laser radiation in the CLBO crystal by mixing the first and fourth harmonic radiations:
͑1͒
n e 2 ϭ2.058791ϩ 8.711ϫ10
Ϫ2 Ϫ6.069ϫ10 Ϫ3 2 . Table I shows theoretical values of angular and spectral bandwidths and walkoff angle for type-I SHG at 532 nm radiation and for type-I frequency mixing of 1.064 m and 266 nm radiations to generate 213 nm radiation. For comparison, values of BBO calculated from the refractive index data 13 are included. Despite the smaller nonlinear coefficient, CLBO possesses a smaller walk-off angle, and larger angular and spectral bandwidths compared to BBO. We measured the temperature dependence of SHG at 532 nm for the CLBO crystal by tuning the temperature from 20 to 150°C. The temperature acceptance of CLBO ͑9.4°C cm͒ is more than double that of BBO ͑4.5°C cm͒. These results indicate that CLBO is suitable for FoGH and FiGH of Nd:YAG laser output.
In order to obtain FoHG and FiHG of Nd:YAG laser radiation in CLBO, the fundamental frequency of the Quanta-Ray GCR-190 Nd:YAG laser was doubled in a KDP crystal and then doubled again in a CLBO crystal. The fourth harmonic was then mixed with the fundamental in the second CLBO crystal. The output pulse energies at 1.064 m and 532 nm were rate at 1 J and 350 mJ for repetition rates of 10 Hz, respectively. In initial experiments, output pulse energies of 110 mJ at 266 nm and 35 mJ at 213 nm were obtained stably by a 9 mm long CLBO crystal at room temperature. Although the surfaces of the CLBO crystals used were not antireflection coated, we obtained larger output energies at 266 and 213 nm compared with those obtained in BBO crystals. 15 These results indicate that the CLBO crystal might radically improve the power and stability in all solid-state UV lasers.
In conclusion, a new UV NLO crystal, CLBO, has been presented. CLBO can be grown from stoichiometric melt and from solution, and a large crystal with dimensions of 14 ϫ11ϫ11 cm 3 was obtained, demonstrating the ability to obtain large crystals with a high growth rate. FoHG and FiHG of Nd:YAG laser radiation at ϭ266 and 213 nm were obtained in CLBO crystals. CLBO crystals are well suited for higher-order harmonic generation because of the sufficient large nonlinear coefficient, large values of angular, spectral, and temperature bandwidths, and small walk-off angles.
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